The photothermal effect, which changes light into heat, can be used to generate driving force from thermal stress. Micro-cantilevers, the simplest micromachine element, are driven using a modulated laser diode and the frequency response characteristics and deflection are measured. By applying photothermal driving to a micro-disk on a central pivot, a standing wave is generated. The optimum disk material parameters to maximize the driving force are investigated. The amplitude of the standing wave is found to increase as the thickness of the micro-disk is decreased and the amplitude increases with the ratio of the coefficient of thermal expansion and thermal conductivity. The amplitude also increases with laser output. It is found that stainless steel is the most suitable disk material.
Introduction
Applying semiconductor manufacturing processes to micromachines has brought about rapid progress, and microsensors produced using semiconductor manufacturing processes are currently being used for practical applications, such as accelerometers (1) , pressure gauges (2) and flow meters (3) . A variety of physical phenomena are used to drive micromachines (4) . One example is photo-microactuators that use light as driving energy. By using light as an energy source, the driving energy can be applied without contact and hence it is possible to control the micromachine remotely. Moreover, the photo-microactuator has the advantage that the driving energy can be directly used by the machine and need not be converted to electric energy. There are various methods of realizing optical actuators. For example, using resonance generated by the photothermal effect (5) , using the impact power of machine vibration generated by the photothermal effect (6) , using the conformational change of a biopolymeric system by optical energy, using optical radiation pressure (7) and using the photostrictive effect (8) . In the photothermal effect, which converts light to heat, driving force is generated by thermal stress arising from a temperature gradient. This paper presents a basic experiment for the development of an optical micro-actuator that uses the photothermal effect. In this micro-actuator, a micro-cantilever, which is the simplest micromachine element, is driven by a modulated laser diode. The frequency response characteristics and deflection of the cantilever are measured.
Photothermal driving is then applied to a micro-disk on a central pivot to create a standing wave. Modal analysis is performed and the amplitude of the oscillation of the micro-disk is measured. The material that exhibits the most suitable photothermal effect is selected and the configuration that maximizes the amplitude is determined. Figure 1 shows the principle of photothermal driving. Heat is generated at the surface of the material when light is incident on the surface. If the irradiation varies periodically, the surface temperature of the material varies and the temperature variation is conducted internally. This produces a temperature distribution across the thickness, which generates a heat warp. Because the heat warp is in the direction of the thickness, the bend becomes large compared with the expansion in the thickness and length directions. Figure 2 shows the principle of photothermal driving of a cantilever. Heat is generated at the cantilever surface when light is incident on the surface at the cantilever base and is absorbed. Periodic irradiation light is used, producing a non-uniform temperature distribution across the thickness cantilever, which generates a bend in the cantilever through heat warp. If the period of the irradiated light corresponds to the resonance frequency of the cantilever, the cantilever enters a resonant state and a significant bend is generated (9) cantilever.
Photothermal driving of a micro-cantilever

Principle of photothermal driving
Photothermal driving of a micro-cantilever
As a basic experiment to drive a microstructure by the photothermal effect, an experimental apparatus is designed to drive a cantilever, which represents the simplest structure from which machine elements are composed. Figure 3 shows the experimental apparatus. A cantilever is driven by a modulated semiconductor laser (wavelength 685 nm, output 10 mW). Heat equilibrium is achieved by laser irradiation. Two types of cantilevers are used as test pieces. One is made of steel foil of length 2.4 mm, width 0.8 mm and thickness 80 µm. The other is made of mono-crystalline Si produced by anisotropic etching, with length 2.6 mm, width 0.5 mm and thickness 130 µm. The calculated values of the resonance frequencies of the steel foil are 5.8 kHz and 36.9 kHz for the first and second resonances. For the monocrystalline Si the frequencies are 9.2 kHz and 57.6 kHz.
The amplitude range is measured by an optical lever method. In this method, a He-Ne laser is irradiated in the vicinity of the top point of the cantilever, and the displacement of the reflected laser is detected with a two-segment photodiode, from which can be derived the displacement of the cantilever generated by the photothermal drive. The amplitude is determined from the displacement and the geometrical expansion rate of 140. The semiconductor laser is modulated to the second resonance frequency of the cantilever and the frequency response of the cantilever is measured. Figure 4 shows the vibration waveform at 20 Hz for the steel foil cantilever. The lower part of the waveform is the semiconductor laser and the upper part is the vibration of the cantilever. The range of the amplitude is 0.34 µm. Figure 5 shows the frequency response of both cantilevers. Note that in this measurement, the frequency element is not extracted and compared with the amplitude of the maximum vibration caused by the laser irradiation in the cantilever.
Measurement of the frequency response
The amplitude becomes significant when the frequency of the irradiated laser coincides with the resonance frequency of the cantilever. The first resonance of the Si cantilever can be confirmed at 9.85 kHz and the second at 55 kHz. For the steel foil, the first resonance can be confirmed at 5.92 kHz. These resonance frequencies approximately correspond with the calculated values. A large amplitude below the first resonance frequency is measured for the Si cantilever due to the fact that the cantilever resonates at the first natural frequency of about 9.9 kHz while the frequency of the irradiating laser is 3.3 kHz. The reason for this is the cantilever resonates by the first natural frequencies 9.9kHz but the frequency of the laser irradiated to the cantilever is 3.3kHz. It responded to the three times of frequencies 3.3kHz. The amplitude becomes conspicuous when the resonance frequency of the cantilever coincides with the frequency of the irradiated laser.
The range of the maximum amplitude is 0.34 µm (at 20 Hz) for the steel cantilever and 1.56 µm (at 9.85 kHz) for the Si cantilever. While a large deflection is generated when the steel cantilever is driven at a resonance frequency, at frequencies below resonance, the deflection of the steel cantilever is also large. It is thought that the heat radiation of the Fig. 4 Step response of the steel foil micro-cantilever. cantilever is slower than the frequency of the laser at low frequencies.
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Mode of vibration of a cantilever
The distribution of the amplitude and the phase in the direction of the length of the cantilever is measured with a laser Doppler meter, and from this the mode of the resonant vibration of the cantilever can be confirmed. Figure 6 shows the distribution of the amplitude and phase at 5.92 kHz for the steel foil cantilever at the first resonance. There is no phase difference regardless of where on the cantilever the measurements are made. The amplitude is larger further away from the base of the cantilever. These results confirm that the cantilever resonates with mode shape no. 1. 3. Photothermal driving of a micro-disk 3.1. Principle of photothermal driving of a micro-disk Figure 7 shows the principle of photothermal driving of a micro-disk. The principle is the same as that for a cantilever. Namely, when periodic light is incident on the surface of the disk, a non-uniform temperature distribution is created that causes a bend in the micro-disk. The generated displacement spreads to the entire disk. If the frequency of the modulation of the irradiated light corresponds to the resonance frequency of the disk, the - Fig. 7 Photothermal driving of a micro-disk.
disk enters resonance and a standing wave is generated. The standing wave mode depends on the mode of the vibration of the disk.
FEM analysis of the mode of vibration of a disk
Many vibration modes can exist in a disk, compared with a cantilever. However, it is difficult to obtain the resonance frequency and determine the mode of vibration. To obtain the resonance frequency and mode of vibration of the disk, an analysis by the finite element method (FEM) is performed using Patran/Nastran (employing peculiar vibration mode analysis). Figure 8 shows the second and third resonant modes (mode shapes no. 2 and 3) of the disk obtained through the analysis. The resonance frequency of the disk is 0.89 kHz for mode no. 1, 1.24 kHz for no. 2 and 2.84 kHz for no. 3. Figure 9 shows the experimental apparatus to generate a standing wave on a micro-disk by the photothermal effect. The measurements of the vibration amplitude and amplitude range are similar to those for a cantilever. The disk is driven by a modulated semiconductor laser (wavelength 685 nm, output 10 mW). The drive laser irradiates one of 11 points on a circumference 70% of the disk radius. The laser is irradiated until heat equilibrium is obtained.
Photothermal driving of a micro-disk
The micro-disk is made of copper with diameter 10 mm and thickness 80 µm and is supported at the center. The semiconductor laser strength is modulated to the third resonance mode shape frequency of the micro disk. The vibration amplitude is measured by Fig. 12 Example of test results of determines the phase contrast map. the optical lever method using a He-Ne laser, at points 3 mm, 4 mm and 5 mm from the center of the disk. Amplitude and the phase is measured with the fixed measurement point. The irradiation position of the drive laser is moving instead of moving the measurement point to determine the distribution of the amplitude and the phase. The irradiation position of the drive laser is changed by 30° steps and the vibration amplitude and phase generated for irradiation at each point are measured.
Mode of vibration of a micro-disk
Figures 10 and 11 show the phase of the vibration when the disk enters resonate states at driving frequencies of 1.38 kHz and 2.76 kHz, respectively. The measurement result is rewritten as shown in figure where driving point is fixed. Figures 12 show the example of test results of the phase contrast map. The driving wave form measured when the driving laser is irradiated at an angle 30° clockwise from the displacement measurement point is taken as a reference waveform. The driving waveform measured at other points are compared and the phase is determined. Figures 13 and 14 show the amplitude range. When the frequency of the driving laser is 1.38 kHz, the phase changes by 180° for every 90° shift in the driving irradiation point. The amplitude has four troughs and peaks, representing nodes and antinodes, at every 90°. This indicates that mode shape no. 2 has been generated in the disk at 1.38 kHz. When the frequency of the driving laser is 2.76 kHz, the phase similarly changes by 180° for every 60° shift in the driving irradiation point. The vibration amplitude has nodes and antinodes every 60°, Indicating mode shape no. 3. These results confirm that mode shapes no. 2 and 3 resonant standing waves are generated by the photothermal effect, in agreement with the FEM analysis and at similar frequencies as determined by this analysis.
Optimum material properties and driving energy
The amplitude of the deflection generated by the photothermal effect on the disk is an important consideration for using the micro-cantilever to move minute objects or in a micro-motor. The optimum conditions to increase the generated amplitude are of great interest, namely the disk material, disk size and laser output. Figure 15 shows a model to determine the deflection generated by the photothermal effect on a disk. The disk has radius a, but a central region of radius b, representing the area in contact with the fixed pivot, does not flex. The deflection δ in a disk, generated for light irradiation of intensity F, is given as follows: 
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The bend produced in the disk is proportional to the heat stress σ, which is assumed to be proportional to the light intensity F. The heat stress is determined by the thermal expansion and the temperature at the top and bottom surfaces of the disk, t and t 0 :
Using the thermal conductivity of the disk κ and the power of the irradiating laser P L , Expression (4) can be expressed as A dimensionless bend can be expressed by dividing the displacement δ by the diameter a:
Expression (6) shows that the amplitude of the bend caused by the photothermal effect can be increased by using a thin disk and selecting a material with a large ratio α/κ of the coefficient of thermal expansion and thermal conductivity. If is not possible to select the materials and dimensions of the disk, the amplitude can be increased by increasing the driving power. 
Confirmation of the optimum conditions of material and driving energy
Using a variety of 10-mm diameter disks fixed at the center made of stainless steel (SUS304), brass and copper foils as test pieces, the effect on the amplitude of the material physical properties is examined. The modulation frequency of the irradiated laser is set to the third resonance frequencies of the disks. Figure 16 shows the range of the amplitudes generated on each disk. The circular inset in upper right in the figure shows the phase distribution of the vibration caused when the stainless steel disk resonates. The figure confirms that the phase changes 180° every 60° and the amplitude has a trough and peak every 60° for each of the disks. Table 1 shows the experimental results of the standing waves generated on each disk. The frequencies for which resonance is generated on the disk correspond closely with the third resonance frequencies obtained from FEM analysis. The results confirm that the third resonating standing waves are excited on each disk by the photothermal effect. The results also show that the amplitude increases as the thickness of the micro-disk increases and as the ratio of the coefficient of thermal expansion and thermal conductivity increases. Moreover, the amplitude increases with the laser output. These findings correspond to the results of Equation (6) . The results show that stainless steel is most suitable disk material for employing the photothermal effect to drive motion. 
Conclusion
As a result of this study, the following conclusions are obtained as basic research into the optical actuators using the photothermal effect:
(1) Experimental apparatus is designed to show that micro-cantilevers and micro-disks can be driven by a semiconductor laser to produce micro-motion by the phototermal effect and to measure the displacement of this micro-motion. (2) Micro-motion of a cantilever by the photothermal effect is confirmed from the distribution of amplitude and phase for cantilevers made of stainless steel and mono-crystalline Si. Resonating vibrations are obtained and the resonance frequencies are found to be 5.92 kHz for the first resonance of the stainless steel cantilever and 9.85 kHz and 55 kHz for the first and second resonances of the Si cantilever. (3) A standing wave on a copper micro-disk can be generated by the photothermal effect. The 2nd and 3rd resonant vibration modes are obtained with frequencies 1.38 kHz and 2.76 kHz, similar to the values determined by FEM analysis.
(4) It is found that to gain a high drive power from the photothermal effect, a thin disk should be used made from a material with a large ratio α/κ of the coefficient of linear expansion and thermal conductivity. (5) Based on optimum material properties for inducing a standing wave in a micro-disk by the photothermal effect, stainless steel SUS304 was found to be the most favorable material in experiments.
